I. INTRODUCTION
A variety of physics experiments requires high magnetic fields which are senerated in coils supplied by high currents. Examples of such experiments can be found in fusion and plasma research, laser installations, electromagnetic launchers and railguns, particle accelerators and high magnetic field laboratories. All these experiments use a basic electrical ringing circuit for generating the field in a magnet or variations of the basic circuit are used to modify the circuit parameters. The fundamental ringing circuit is shown in Fig.  la . A capacitor bank is charged by a power supply. Once the desired voltage has been obtained, the charging supply is disconnected. The closing switch is triggered allowing the capacitor bank to discharge through the magnet. In many experiments high energy density capacitors, which have a limited reversing voltage capability, are being used in the capacitor bank. To avoid damage t 6 the capacitors caused by the negative voltage, a crowbar is installed across the capacitor 0-7803-4067-1 /97/$10.00 0 1997 IEEE. bank (Fig. lb) . The size of the resistor in the crowbar branch is determined by the allowable value of the capacitor reversing voltage. Of the many known variations of the basic circuit, one such deviation is shown in After the closing switch has fired and energized the magnet, the capacitor is charged in the opposite direction. A second ringing circuit, consisting of the main capacitor and another ringing inductor is necessary to reverse the polarity in the capacitor between pulses. The circuit in Fig. I C is limited to magnetic field pulses of one polarity only. By adding additional components, the circuit can be enhanced to generate magnetic field pulses with both positive and negative polarity. In all three examples of Fig. 1 the current through thz switch and the voltage across the switch, the two most important switch parameters, are shown. An ignitron is a high-power, medium high-voltage vacuum-arc electronic switch, that uses mercury as the current conduction medium [ 1, 2] . It is a controlled device, able to block voltage in both the positive and negative direction and to conduct current in only one direction under normal operation. Ignitrons were used extensively in the 1930s to early 1960s in the field of industrial electronics for applications such as power rectifiers and inverters. With the advent of solid-state devices, in particular high power silicon controlled rectifiers, the field of application for ignitrons disappeared in the industrial world. However, because of the ruggedness and high current carrying capability, combined with the large voltage withstanding capability, ignitrons have enjoyed great populari:y with researchers in the field of pulsed power experiments. where they have played a crucial part since the early 195Os [3] . Ignitrons have many attractive features, including moderately high voltage holdoff, large Coulomb rating, ease of firing over a wide voltage range, reliability and availability. Limitations are sensitivity to position and temperature, switching speed and limited lifetime for high pulse number operations. The use of mercury in ignitrons poses environmental concerns, which become increasingly difficult to manage. Probably the greatest disadvantage of an ignitron is its limited shot life; The lifetime of an ignitron is limited to IO4 to IO5 shots at high Coulomb levels during each pulse. In applications where more pulses are required, the replacement of the ignitron causes unwanted experiment shut down. In at least one type of application, namely solid-state experiments in a high mag- netic field background, one characteristic of the ignitron is troublesome. The trigger pulse of the device is relatively high in amplitude(about 500 A), occurring at the time when the experiment begins. The large trigger current causes a significant amount of electromagnetic interference in the useful signals of the experimenter just at the start of the experiment when reference measurements are being made. By using SCRs for the closing switch, the interference can be reduced by about two orders of magnitude. Over the last 25 years pulsed switches with modest ratings have been built using solid-state devices [4, 5, 61 . With the development of ever increasing wafer diameters of solid-state devices, capable of high fault currents, combined with the recently gained knowledge in the understanding of the device behavior under high current cyclic loading, the basis has been given to investigate the replacement of ignitrons with thyristors. In applications involving currents in the order of several hundreds of kA and for medium high voltages, solidstate devices can replace mercury arc switches.
REPETITIVELY PULSED SWITCH -A CASE STUDY

A. Background Information-Switch Specifications
The Pulsed Field Facility of the National High Magnetic Field Laboratory at the Los Alamos National Laboratory in Los Alamos, NM, is developing a 100 T non-destructive pulsed magnet, to be available for users by the end of 1998. As part of the effort, a repetitively pulsed closing switch must be designed for a capacitor bank, which energizes the most inner coils of the 100 T magnet [7] . Although the number of pulses for the magnet over its lifetime is rather modest (lo'), it was decided to rely on solid-state switches rather than to use ignitrons for the closing switch because of the generation of signal noise. Four identical switches are required for the 100 T magnet installation. Each switch will be installed i n a ringing circuit as shown in Fig. Ib . To achieve the highest magnetic fields possible with today's technology, the research magnets are mechanically highly stressed, resulting in an occasional magnet destruction. To protect the closing switch from excessive currents under the worst condition during a solid terminal-to-terminal magnet fault, a protection inductor Lp is installed in series with the magnet. This inductor will limit the peak short circuit current in the closing switch under fault conditions. The switch was specified to withstand a voltage of 1 1 kV. The repetition rate for the switch is rather modest(20 min), dictated by the cool-down time of the magnet from a maximum temperature of about 250 K to liquid nitrogen teniperature(77 K) after each pulse. To reserve some flexibility for future modifications i n the experiment, the current rating of the switch for heating purposes was specified as given in Fig. 2 . The currents in Fig. 2 are assumed to be equivalent rectangular current pulses with the amplitude IF& and the time length T. An additional current-carrying requirement for the switch is the condition of a shorted magnet Lm, when only the protection inductor L p limits the switch current. Under this condition and with the free-wheeling path disconnected, the current has a nearly half-sinusoidal shape with a base time of 5 ms. That specific design point is indicated by a circle in the circuit. When the thyristor current becomes zero, almost the full voltage must be withheld. With the inclusion of the free-wheeling path right across the capacitor, the reverse blocking voltage is reduced. However, the longer current conduction time has increased the junction temperature in the device, thus reducing its voltage blocking capability.
B. General Design Considerations
Manufacturers' device data sheets are the most useful source of information for thyristors. When using phase-controlled thyristors, the information in the data sheets is primarily intended for operation of the device at a line frequency of 50 or 60 Hz, with an allowable extension to 400 Hz. When using the same devices for pulsed power operation, some of the data sheet information is almost irrelevant for the new application. By working closely together with the device manufacturer and by carefully studying the literature, in particular by evaluating experimental results, some general assumptions about designing high power, repetitively pulsed, solid-state switches based on thyristor technology can be made: a) The peak temperature of the wafer can assume higher values than the 115 to 125 "C indicated in the data sheet, provided the blocking voltage is limited. With no applied blocking voltage, the thyristor wafer can heat up to 300 "C without causing damage. Figure 3 shows a graph of the allowable forward and reverse blocking voltage as a function of wafer temperature for a 77 mm, 4.5 kV thyristor. For the pulsed switch application it is very important to correctly calculate the exact temperature rise, taking the exact current shape into account, if the device must block voltage at the end of a pulse. b) It is necessary to recognize in pulsed application the reduction of switch life because of thermal fatigue. A direct relationship between the temperature excursion and the number of allowable pulses has been reported in the literature [8] . Based on experimental fatigue test results with several high power thyristors, it was determined that the allowable number of pulses is inversely proportional to the 9th power of the temperature excursion. c) The permissable di/dt values of a thyristor are higher by a factor of about six for non-repetitive currents compared to repetitive currents. Recognizing that this information is useful for non-standard, pulsed power applications, some manufacturers have started to include the information in the data sheets [9, 10] . Although a cursory view might reveal only a modest overload capability of a solid state device, the combination of increased wafer size, understanding of the different device failure mechanisms and operating the devices close to the design limit can show impressive pulsed current performances.
C. Design Solution and Switch Tests
The solution for the above specified switch was chosen in a competitive bidding process. Therefore the selected solution is the low cost solution, meeting the specification requirements. The built switch consists of a string of three series connected thyristor assemblies, each assembly having two thyristors in parallel. Each thyristor is a 77 inin device with a blocking voltage of 4.5 kV. Preselection of the thyristors was done only for two parameters, the forward voltage drop and the recovery charge. The forward voltage drop at a current of 2 kA is matched within 5 mV for all the devices. The recovery current was matched for the series string at a turn-off di/dt o f 2 N p s . Equal dc voltage sharing of the three strings was accomplished by a 200 kQ parallel resistor. In contrast to an ac system application in which a voltage safety factor of over 2 is desirable, the small safety factor of 1.25 is adequate in this application, because the large capacitor in the circuit prevents voltage spikes and the capacitor is charged slowly. The physical set-up of the switch is shown in Fig. 4 . The three air-cooled thyristor stacks are mounted in the left half of the assembly and for convenience the free-wheeling diodes, as shown in the circuit of voltage practices, the thyristors are triggered by a fiber-optic signal. At the lower left of the switch the control unit can be seen. It houses the switch trigger and diagnostic circuitry. 'The calculated thyristor junction temperature for a sinusoidal 'current of 80 kA is depicted in Fig. 5 . The thyristor wafers are expected to rise in temperature to 170 "C during a pulse, starting from an ambient temperature of 30 OC. The current sharing in two parallel devices is shown in Fig. 6 . Curve 1 ,shows the total current in both devices and curve 2 the current in one of the devices. The peak amplitude of the total current is 46.5 kA. Current sharing is within the measurement ,accuracy. As could be expected, the current sharing is almost ideal at the high current values. For each of the four switches the leakage current was measured to be about 15 mA in both forward and reverse voltage direction for a total switch voltage
The switch was tested in a circuit as shown in Fig. lb . By changing the value of the capacitor and the inductor, different (current shapes can be achieved, while trying to match several I' t values as given in the specified current curve of Fig. 2 Although the I' t rating for the specified switch current is higher at the lower current end, the highest temperature excursions occur for the short current pulses. According to the thermal junction-tocase impedance of the thyristor, cooling becomes effective after about 2 ms. The switch will be installed in an experiment which requires a repetition rate of only 3 shotdhour. Therefore, convection cooling is adequate for this application.
Calculations for the specified current amplitude and pulse length values, as indicated in Fig. 2 , have shown that the repetition rate of the switch can be increased to 6 shotshin, when 80 cfm of air flow is provided across each thyristor assembly.
DESIGN ALGORITHM FOR REPETITIVELY PULSED SWITCHES
When designing repetitively pulsed closing switches, all parameters which might have an effect on the failure of the solid-state device must be considered. These parameters are l * r I showing a longer current pulse with an amplitude of 22 kA. calculated and then it is determined if the devices can support the diidt value. If the number of devices is not sufficient the the cyclic thermal loading, the junction temperature rise, the number of parallel devices must be increased by one until the dependency of the blocking voltage on the junction requirements are met. Because a short circuit condition might temperature, the di/dt value, peak voltage and dv/dt values.
impose a more severe current pulse on the switch. it is also Although each individual switch must be analyzed imperative to calculate the allowable temperature rise and then individually, some general design guidelines for a preliminary the necessary parallel devices for the short circuit condition. switch design can be established. A simplified flow chart of The temperature excursion for the short circuit condition is the design procedure is given in Fig. 9 . allowed to be higher than for the regular current pulse because The number of expected life cycles is probably the most only a very limited number of current pulses will occur during important parameter in the design of repetitively pulsed the switch lifetime. Similarly, for the short circuit condition switches. Fortunately, as has been pointed out in the literature, the di/dt requirement must also be met. Having now there exists a very close connection between the number of calculated two numbers for the required parallel devices, the cycles and the allowable maximum junction temperature in the switch design will be carried out with the higher device device during a surge [S] . Although this information, obtained number. experimentally over many years of testing, has been published Once the number P of parallel devices has been determined. by only one manufacturer, there are indications that similar the number S of series connected devices must be chosen. As information exists among the other device manufacturers.
a starting point the maximum blocking voltage divided by the By using the information given in the literature, the allowable thyristor blocking voltage gives the first approximation for the temperature rise for a given number of normal current pulses number of series connected deviLes. In contrast to utility Using the design procedure derived in chapter 111, a preliminary design for a repetitively pulsed switch in a neutron scattering experiment is presented as an example. This switch is required in an application of solid-state physics research in which a neutron particle beam bombards a sample, while at the same time the sample is exposed to a 30 T magnetic field. The switch will be installed in a circuit as shown in Fig. IC .
The switch has the following design parameters: The current has the shape of a half sinusoidal pulse with an amplitude of 80 kA and a base time of 3 ms; the blocking voltage is 12.5 kV, the repetition rate is 2 Hz and the total lifetime is IO8 cycles. During a short circuit condition with the magnet shorted and only the protection reactor in the circuit, the short circuit current increases to 280 kA with a time base of 1 ms. It can be assumed that the short circuit is expected to occur only 3 times during the lifetime of the experiment. For this point design of the switch we will use a 100 mm, 3.2 kV device, type C795 [9] . This specific device has been selected because extensive high pulse current tests have been performed with the device and the tests have been published in the litlerature[ 131.
Using the published lifetime versus junction temperature reintionship of [8] N=300/( AT) ' , with N being the number of safe pulses and AT the temperature excursion in "C, it is easily derived that the short circuit condition for the switch is a more severe requirement than the IO8 rated 80 kA pulses. Using the formula, the allowable temperature rise can be calculated to be 39 "C under normal pulse condition and 265 "C under short circuit conditions. The maximum rate of current rise is 84 Alps for the normal current pulse, a value within the device rating. For the short circuit current case the maximum di/dt value is 880 A/ps, exceeding the device rating, thus requiring at least two devices in parallel. By using the forward voltage characteristic and calculating the temperature rise for both current pulses, it can be determined that the short circuit condition requires three devices in parallel. About 700 Joules are deposited in the wafer during a short circuit pulse, heating the device by 78 "C. Assuming a 10 % current imbalance, the temperature rise under normal current pulses is 26 "C in the device carrying the most current. Air cooling would be adequate in this application. The modest temperature rise must be maintained to guarantee that the device is capable of blocking about 80 % of its peak applied voltage. Using a voltage safety factor of 1.25 requires a series connection of 5 devices to safely withstand the applied voltage. Figure 10 shows the solid-state power components of the overall switch. Taking advantage of the ever improving thyristor technology, a more optimized design might choose a higher voltage(5 kV), 100 or 125 mm thyristor as the basic building block to reduce the number of series connected components, while at the same time preventing higher temperature rises because of the increased losses. For an optimum design it is important to have access to the detailed, in-house device knowledge of the power semiconductor manufacturer.
V. OUTLOOK
Using even larger diameter devices, such as 125 and 150 mm devices, for pulsed closing switch building blocks, it appeared that pulsed currents to several hundred of kA can be safely switched. While the current carrying capability increases with the wafer diameter, the di/dt rating does not increase with larger diameter thyristors without changing the gate structure.
For applications with modest di/dt requirements, which means rather slow current pulses, the current amplitude can be increased by using larger diameter devices. For shorter current pulses with higher di/dt values the thyristor design must be changed to achieve the fast current turn-on.
For low values of di/dt, a standard gate pattern and pilot thyristor gating structure, which is commonly used in phasecontrol type thyristors, is sufficient to provide adequate turnon properties and current spreading. As the required repetitive turn-on di/dt rating increases above 200 A/ps for a 100 mm thyristor, more complex gate pattern must be applied such as involute patterns, which are commonly used in inverter grade thyristors, and GTO type gate patterns. For very high di/dt requirements, such as di/dt values greater 1000 A/ps, the involute gate pattern and a very "hard" gate pulse must be applied. This "hard" gate pulse also requires the removal of the pilot thyristor gate structure from the device. By using 125 mm diameter devices and "hard" gate pulses, di/dt's greater than 1000 A/ps can easily be achieved. The hard gate signal consists of a 200 A, 5 ps pulse. Currently SPCO is testing 125 mm thyristors at peak current levels of 180 kA and di/dt values of 1200 A/ps for pulse power applications. A plot of a 180 kA thyristor peak on-state current and voltage for a pulse which has a length of about 800 ps is shown in Fig. 11 . By using several of these devices in parallel, it is conceivable that short current pulses with amplitudes up to 1 MA can be built with today's available solid-state device technology.
VI. CONCLUSION
In this paper the use of high power thyristors as building blocks in pulsed switching applications is investigated. A general procedure for designing a repetitively pulsed switch is given, taking into account the different device limits. As an example the preliminary design of a n 80 kA, 12.5 kV, 3 ms, 2 Hz closing switch is presented. Based on experimental results with 77 mm and 125 mm thyristors, it can be concluded that high pulsed current closing switches can be built with existing devices up to current levels approaching 1 MA. A 1 MA switch would consist of six or seven devices in parallel. A current rise time of about 5000 A/ps can be achieved with such a device.
